A spectroscopic investigation of the γ decays from excited states in 159 Er has been performed in order to study the changing structural properties exhibited as ultrahigh spins (I > 60h) are approached. The nucleus 159 Er was populated by the reaction 116 Cd( 48 Ca,5nγ) at a beam energy of 215 MeV and the resulting γ decays were studied using the Gammasphere spectrometer. New rotational bands and extensions to existing sequences were observed, which are discussed in terms of the cranked shell model, revealing a diverse range of quasiparticle configurations. At spins around 50h there is evidence for a change from dominant prolate collective motion at the yrast line to oblate non-collective structures via the mechanism of band termination. A possible strongly deformed triaxial band occurs at these high spins, which indicates collectivity beyond 50h. The high spin data are interpreted within the framework of cranked Nilsson-Strutinsky calculations.
The study of nuclear structure towards the extremes of angular momentum has been at the forefront of γ-ray spectroscopy since its inception. Pushing to such extremes tests theoretical models to their limit. The diverse nature of collective motion in the rare-earth nuclei around A = 160 at high spin make this mass region an excellent testing ground for such models which attempt to explain the deformed nuclear shapes that they exhibit and their behavior in terms of the underlying single-particle configurations. An example of this diverse nature is the observation that collective rotational bands appear to terminate at discrete states around spin 40h in nuclei with N ∼ 90 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This has been interpreted as a dramatic change in structure from a collective prolate shape to an oblate single-particle shape via the mechanism of band termination [12, 13] . This phenomenon occurs when the spin vectors of the available valence nucleons outside a closed-shell core, in this case 146 64 Gd 82 , become aligned in pure single-particle configurations [13] . In the N = 90 nucleus 158 Er, such single-particle states are observed at I π = 40 + [1] and 46 + [2] in the yrast (lowest energy for a given spin) band and at 43 − , 48 − and 49
− [14] in the lowest-energy negative-parity sequences. Moreover, rotational sequences have recently been identified that extend into the region of ultrahigh spin (> 60h) [15] and represent a re-emergence of collectivity beyond band termination in 158 Er. Comparison with results from cranked Nilsson-Strutinsky (CNS) calculations suggest that these collective rotational sequences are based on triaxial strongly deformed (TSD) shapes, although uncertainties persist as to the exact value of the gamma deformation [16] . A number of similar collective structures with characteristic high moments of inertia have now been observed in several neighboring nuclei [17] [18] [19] [20] [21] .
The present article reports on a detailed spectroscopic investigation of 158 Er's odd-neutron neighbor, 159 68 Er 91 . Previous experimental work has identified a number of rotational bands based on the odd neutron residing in a variety of quasiparticle configurations [22] [23] [24] [25] [26] , discussed within the framework of the cranked shell model [27, 28] . Evidence for the onset of a transition from collective rotation to oblate single-particle shape in the yrast band at ∼ 50h was discussed in Refs. [24, 26] . A further feature was observed at high spin in the band based on the negative-parity ground-state configuration [24] , which has been interpreted as an unpaired neutron band crossing [29] . This is a crossing that occurs in the absence of static neutron pairing correlations. In the present work, new rotational bands have been observed in 159 Er and significant extensions to existing ones have been made. These results are interpreted within the framework of the cranked shell model. A new band based on a γ-vibrational excitation is also discussed. In addition, a terminating state at I π = 101/2 + and evidence for terminating structures close to the yrast states in various bands at spins around ∼ 50h have been identified. CNS calculations have been performed in order to help understand the underlying configurations of these high-spin sequences. Good agreement between experiment and theory is observed for the competition of the prolate-collective and band-terminating sequences in the I = 30 − 50h region. The present experiment has also identified a band with a high moment of inertia, which is discussed in terms of a strongly deformed triaxial structure [20] . The lifetimes of states within similar structures in 157,158 Er [16] indicate discrepancies between the experimentally deduced and the predicted triaxial shape. The implications of this observation to 159 Er are discussed.
II. EXPERIMENTAL DETAILS
The experiment was performed using the ATLAS facility at Argonne National Laboratory. Excited states in 159 Er were populated using a 215 MeV beam of 48 Ca, incident upon enriched (98.7%) targets of 116 Cd, inducing fusion-evaporation reactions. The target comprised of two self-supporting 116 Cd foils with a total thickness of 1.3 mg/cm 2 . The γ decays resulting from the reaction products were detected using the Gammasphere γ-ray spectrometer [30, 31] . A total of ∼ 1.9 × 10 9 events were collected when at least seven of the 101 Comptonsuppressed HPGe detectors fired in prompt coincidence.
The data were collected over a five day period. Unfolding the events resulted in approximately 1.4 × 10 11 triple and 3.5 × 10 10 quadruple coincidence events. These were replayed off-line into RadWare-format three-dimensional (E 3 γ ) cubes [32] and four-dimensional (E 4 γ ) hypercubes [33] , for analysis.
One-dimensional spectra were also unfolded directly from the data using the technique discussed in Ref. [34] . They were produced with multiple gates set on inband stretched quadrupole (E2) transitions from 159 Er up to fold five (γ 5 ) where the data were further separated into the corresponding detectors in the rings of Gammasphere at a fixed angle θ to the beam direction. Angle-specific spectra were then analyzed to obtain angular-intensity ratios and, based on the method of directional correlations from oriented states [35] , were used to determine γ-ray multipolarities. The ratio R of the intensity of transitions at ∼ 130
• (50 • ) and 90
• to the beam direction was measured and is given by
This ratio is approximately a factor of two larger for stretched quadrupole (∆I = 2) and pure non-stretched dipole transitions (∆I = 0) than for pure stretched dipole transitions (∆I = 1).
III. RESULTS
The 159 Er level scheme constructed from the present work is displayed in Figs. 1 and 2 , while a summary of the measurements obtained is presented in Table I.   TABLE I : Excitation energies Ex, transition energies Eγ, intensities Iγ , angular intensity ratios R and spin-parity assignments for the transitions observed in 159 Er from the present work. The γ-ray energies are estimated to be accurate to ±0.3 keV for the strong transitions (Iγ > 10), rising to ±0.6 keV for the weaker transitions. The intensity measurements have been normalized to the 349.9 keV (21/2 + → 17/2 + ) yrast transition with a value of 100. The bands are labeled in order of the scheme shown in Figs. 1 [23] . b Taken from Ref. [24] .
A. The yrast band and Band 1
The lowest-energy band (labeled yrast in Figs. 1 and 2) has previously been observed up to I π = (93/2 + ) by Deleplanque et al. [24] . A parallel sequence was also observed at high spin branching out from the (85/2 + ) yrast state. Both sequences were extended further to (105/2 + ) and (101/2 + ), respectively, by Kondev et al. [26] , however no explicit transition energies were published. In the present work, excited states up to (105/2 + ) are observed and new linking transitions have been established between states in the yrast band and the parallel sequence at high spin. Coincident γ-ray spectra showing the highenergy part of the yrast band are presented in Fig. 3 . The photopeaks observed in Fig. 3 (a) correspond to all of the transitions associated with the yrast band above the 53/2 + state, see the level scheme in Fig. 1 . The γ-ray spectra of Figs. 3(b) and (c) were produced with a sum of triples gates in coincidence with individual transitions from the parallel sequence observed at this high energy and the yrast band, respectively. The multipolarity of the 1342, 1264 and 1292 keV linking transitions were measured and found to be of stretched quadrupole character (see Table I ), establishing positive parity and positive signature (π, α) = (+, +1/2) for the connected levels.
The unfavored signature partner of the yrast structure with (+, −1/2), initially established by Simpson et al. [22] and labeled band 1 in Fig. 1 , has previously been observed up to the (43/2 + ) state [24, 26] . The present work extends this band up to a possible (91/2 + ) with the observation of fourteen new transitions associated with its decay. The spectrum of Fig. 4(a) was produced from a sum of triple gates and shows all of the transitions observed in band 1 above the 31/2 + excited state. This spectrum demonstrates the presence of the 1008 keV and 1269 keV parallel transitions at the highest spins in this band.
B. Bands 2 and 3
The band labeled band 2 in Fig. 1 has previously been established up to the (97/2 − ) state by Deleplanque et al. [24] . Extensions were observed up to a further (105/2 − ) state [26] , but no explicit transition energies were published. In the present work, this sequence has been seen up to the (105/2 − ) state with the observation of the 1292 and 1188 keV transitions. The γ-ray spectra presented in Figs. 4(b) and (c) display the photopeaks which correspond to the γ decays of the states above 41/2 − in coincidence with the 1209 keV and 1292 keV transitions, respectively. Both spectra indicate the presence of the 1188 keV photopeak with no clear candidate for the decay of a higher-lying state.
The negative-parity band, band 3, has previously been observed from (3/2 − ) to (15/2 − ) and from (27/2 − ) to (83/2 − ) [24] . In the present work, three new transitions have been observed which connect the high-and low-spin parts of this band. In addition, the band has been extended up to (91/2 − ) and a parallel sequence, originating from the 79/2 − state, is observed. In Fig.  5 (a) a γ-ray spectrum is presented showing photopeaks which correspond to the transitions connecting the lowand high-spin structures of band 3. The spectra of Figs. 6(a) and 6(b) provide the high-energy part of this band. They were produced with a sum of triple gates set on the transitions in band 3, in coincidence with gates at 1209 and 1222 keV, Figs. 6(a) and 6(b), respectively. Photopeaks are observed at 1232 and (1297) keV in coincidence with the 1209 keV transition and 1225 keV for the 1222 keV transition, establishing a parallel sequences above the 79/2 − state. The spectra also indicate a dramatic drop in photopeak intensity above this state.
C. Bands 4, 5 and 10
Band 4 was previously observed up to a possible (77/2 − ) state [24] and has been extended by one transition in the present work, with two tentative transitions being observed at higher spin. A γ-ray spectrum of the high-energy part of this band is presented in Fig. 7 (a).
Band 5 was previously observed up to a 41/2 − state [24] . It was linked to band 2 via a connecting stretched E2 transition of energy 570 keV. In the present work, a transition of energy 654 keV has been found to be the connecting transition linking these two bands, with the 570 keV transition being part of band 5. In addition, band 5 has been extended by six transitions (and one tentative transition) taking it up to a possible (73/2 − ) state. These new transitions can be seen in the γ-ray spectrum of Fig. 5(b) where the full band is presented. The multipolarity of the 654 keV linking transition was measured and found to be of a stretched quadrupole character (see Table I ), confirming the previous assignment of negative parity for band 5.
In the previous work by Deleplanque et al. [24] , three tentative transitions, with energies of 1053, 1005 and 941 keV, were observed in coincidence. They were thought to be linked to the main level scheme through the 81/2 + yrast state. In the present work, these transitions have been found to be part of a new rotational sequence, band 10, which extends from (51/2 − ) up to a probable (95/2 − ) state. Photopeaks associated with the transitions observed in this band are present in the γ-ray spectrum of Fig. 7(b) . Four linking transitions have also been observed connecting this band to band 3 and the yrast band. From the angular intensity ratio measurement (Table I), the multipolarity of the 1143 keV transition was extracted and found to be of stretched quadrupole nature, suggesting negative parity for this band. hypercube produced with (a) a sum of triple gates set on transitions in band 3 to display the low and high spin parts of this sequence, and (b) a sum of triple gates set on band 5. Photopeaks corresponding to linking transitions are labeled with triangles, photopeaks within the yrast band are labeled with diamonds, and photopeaks labeled with crosses correspond to transitions within band 2.
D. The γ band
A new band, labeled the γ band in Fig. 2 , has been observed in the current work. It consists of fifteen intraband transitions and is connected to the yrast band through a series of high-energy (> 1 MeV) γ decays. The multipolarity of seven of these connecting transitions was measured and found to be consistent with them being of stretched quadrupole character, which assigns this band to be of positive parity with signature (+1/2). A sum spectrum of triple gates on the low-spin states of this band is presented in Fig. 8(a) . Two linking transitions are also identified in this spectrum connecting the γ band to band 1, as well as a transition of energy 666 keV which connects the 21/2 + state in the γ band to the yrast state with the same spin and parity. The spectrum presented in Fig. 8(b) 
E. The strongly-coupled bands
Bands 6 and 7 in Fig. 2 , have previously been observed in Refs. [24, 25] . The present work confirms these structures and extends band 6 by two tentative transitions and establishes a new sequence of transitions in parallel with band 7 at high spin. A γ-ray spectrum representative of bands 6 and 7 is presented in Fig. 9 , where each panel corresponds to a different energy range. This spectrum confirms the linking transitions that connect band 6 and 7 to the yrast band and bands 1 and 2, as well as the linking transitions with energy 807 and 929 keV which infer an excited state at 1713 keV. Angular intensity ratio measurements for these two transitions were extracted to determine the spin and parity of this level. Both transitions were found to be of a stretched dipole character establishing a spin of 23/2 for this state, although the parity remains undetermined, see the following discussion for a possible positive-parity assignment. Figures 10(a) and (b) provide γ-ray spectra which were produced with a sum of triple gates set on the interband transitions, between bands 6 and 7, and the intraband transitions from each band. These spectra demonstrate the presence of the highest-spin states in these two bands.
Bands 8 and 9 in Fig. 2 , were previously reported by Simpson et al. [25] , but were not connected to the main level scheme. In the present work a linking transition connecting band 8 to band 6 has been established. In addition, extensions were possible to both bands 8 and 9. A γ-ray spectrum showing the 833 keV linking transition is presented in Fig. 11(a) . The low-spin sequences of bands 6 and 7 are present in this spectrum, confirming that band 6 is linked to band 8 through the 35/2 − state. The multipolarity measurement for the 833 keV linking transition suggests that it is of a stretched dipole nature, see Table I . Extensions to the high-spin structure of band 9 can be seen in the γ-ray spectrum presented in Fig. 11(b) . In total, three new transitions were observed for band 9 at high spins, extending this band to a possible (79/2 + ) state, and two new transitions were observed for band 8, extending it to a possible (73/2 + ) state. Transitions associated with the low-spin structures of bands 8 and 9 were also observed in the present work, extending them down to the (33/2 + ) and (31/2 + ) states, respectively (see the level scheme of Fig. 2 and Table I for details).
A third strongly-coupled structure was observed and tentatively suggested to be associated with 159 Er in Ref. [25] . In this previous work the band was interpreted as being based on the νh 11/2 [505]11/2 band head from alignment and B(M1)/B(E2) ratio arguments. This band head is isomeric and the present data cannot confirm the assignment to 159 Er, therefore this band has not been included in the present level scheme. It is noted that the energies of this band at low spin [25] are similar to those in the same structure observed in 161 Er [36, 37] .
IV. DISCUSSION
The odd-N nucleus tively. Table II provides the usual labeling scheme for the orbitals involved in the following discussion.
In addition, to help identify the characteristics of the experimentally observed bands in 159 Er, aligned angular momentum (or alignment) [40] as a function of rotational frequency and the excitation energy relative to that of a rotating liquid drop (based on the Lublin Strasbourg model [41, 42] ) as a function of spin, are plotted in Figs. 13, 15, 16 , and 17. In the aligned angular momentum plots a "natural reference" [43] was subtracted. This is based on Harris parameters [44, 45] extracted from variable moment of inertia (VMI) fits to the favored ground-state structure (band 2), with values of J 0 = 20.4h
2 MeV −1 and J 1 = 57.7h 4 MeV −3 .
The most probable quasiparticle configurations, based on the following discussion, for all of the bands, are summarized in Table III. neutron alignment BC athω ∼ 0.36 MeV followed by the first (h 11/2 ) 2 proton alignment, the A p B p crossing, athω ∼ 0.45 MeV.
Band 1 has been established as the unfavored signature partner of the yrast structure (+, −1/2) [22] , with the odd neutron occupying the B orbital of Table II and Fig. 12(a) . The alignment and energy of this band, Fig.  13 , show it to have a lower initial alignment than the yrast band and to lie higher in energy. The present work has pushed this band from the 43/2 + state up to high spin (91/2 + ) and the alignment plot in Fig. 13(a) establishes two gains in alignment athω ∼ 0.38 andhω ∼ 0.44 MeV. The first gain is interpreted as being the third (i 13/2 ) 2 neutron alignment AD, and the second as the A p B p crossing.
The new band observed in the present work, labeled the γ band in Fig. 2 , is at a higher excitation energy, but has the same parity and signature as the yrast band. A possible interpretation for this sequence is that it is based on a vibrational excitation coupled to the i + states are also presented in this figure. For the odd-A erbium isotopes, the energies and spins have been plotted relative to the yrast 13/2 + state. The level energies for the γ band in 159 Er exhibit good agreement with the systematics for the corresponding states identified in these neighboring isotopes and, therefore, may be interpreted as being based on the γ-vibrational excitation at low spin. At higher spins the plots of Fig. 13 47] , and 162 Er [48] . Also included are the values for the yrast 2 + and 4 + states. The energies and spins of the bands observed in the odd-A isotopes are given relative to the lowest-lying state of the yrast band with 13/2 + . to undergo the AB crossing athω ∼ 0.24 MeV, see Fig  15(a) . At higher angular frequency,hω ∼ 0.42 MeV, both bands experience the first (h 11/2 ) 2 proton alignment A p B p [24] .
Band 4 was previously discussed in terms of the next higher-lying negative-parity, positive-signature configuration G [24] . Its initial alignment, from the plot of Fig.  15(a) , of ∼ 8h athω ∼ 0.24 MeV suggests the configuration GAB. This band then appears to experience a gradual gain in alignment with increasing angular frequency. A more distinct gain in alignment occurs athω ∼ 0.45 MeV, which is most likely the A p B p crossing. After this crossing its alignment is ∼ 2h higher than that of bands 2 and 3 (based on the E and F configurations at low frequency, respectively). A possible reason for this may lie with the (f 7/2 /h 9/2 ) 2 EF crossing occuring at roughly the same rotational frequency as the A p B p crossing.
The negative-parity, positive-signature nature of band 5 suggests that it is associated with either the next higher-lying configuration above G, or, that it corresponds to a continuation of the E configuration beyond the AB crossing. The latter interpretation was speculated in Ref. [24] . With the addition of the new transitions observed in the present work, the alignment characteristics lend weight to this assignment, with the initial alignment suggesting a smooth continuation of the E configuration, which possibly undergoes a second (i 13/2 ) 2 neutron alignment (BC) athω ∼ 0.27 MeV and the proton A p B p alignment athω ∼ 0.38 MeV, see Fig. 16(a) .
In the present work, a new band with negative-parity and negative-signature has been observed; band 10. This assignment would suggest that band 10 is the signature partner of either band 4 or band 5. The alignment and energy plots of Fig. 15(a) and 15(b) do not give a clear indication as to which interpretation is most likely. However, band 4 lies at a lower excitation energy than band 5 and, therefore, band 10 may be its unfavored signature partner. The initial alignment of band 10 of ∼ 15h suggests that it is based on at least a three-or five-quasiparticle configuration. The alignment gain at hω ∼ 0.52 MeV may also be attributed to a further twoquasiparticle excitation. If band 10 is interpreted as the unfavored signature partner of band 4, then its initial alignment may be attributed to the HABEF configuration, which then undergoes a delayed A p B p crossing athω ∼ 0.52 MeV. The latter crossing may also be an unpaired band crossing involving a pair of neutrons, as discussed in Sec. IV D. However, in the absence of the low-spin structure of this band, these assignments remain speculative.
C. Strongly-coupled structures
The strongly-coupled signature-partner bands observed in 159 Er have been discussed previously in terms of multi-quasiparticle excitations involving the πh 11/2 [523]7/2 and πg 7/2 [404]7/2 configurations coupled to the odd neutron [25] . Branching ratios were measured and ratios of reduced transition probabilities B(M 1)/B(E2) were deduced which strengthened the proposed assignments.
Bands 6 and 7 (labeled band 1 in the previous work of Ref. [25] ) were interpreted at low rotational frequency as Fig. 17(a) , was then attributed to the BC crossing. In the present work, the stronglycoupled sequence, bands 6 and 7, has been extended up to higher spin and an additional sequence has been observed in parallel with band 7. With the extensions to band 6, a gain in alignment is observed athω ∼ 0.59 MeV. At a similar frequency in band 7 the alignment becomes somewhat erratic and the parallel sequence is observed. The second and third proton alignments, the B p C p and A p D p crossings respectively, are predicted to occur around this angular frequency, see Fig. 12 , and may be the cause of these observations.
The second strongly-coupled structure, bands 8 and 9, were previously discussed in terms of the A p E p (F p ) configuration coupled to the odd neutron residing in the E orbital and, therefore, assigning positive parity to the band [25] (labeled band 2 in this previous work). The spin assignments deduced for these bands suggested that an initial configuration of EAB ⊗A p E p (F p ) was appropriate for the alignment. From the present work, the addition of the observed connecting transition and its measured dipole nature helps to confirm the previously deduced spin assignments. The bandhead spins for bands 8 and 9 are assigned (33/2 + ) and (31/2 + ), respectively, in agreement with Ref. [25] . The newly observed extensions at low spins for these bands also help to confirm the previous configuration assignment with a sharp gain in alignment in the plot of Fig. 17(a) athω ∼ 0.22 MeV, suggesting the presence of the AB crossing. The extensions at high spin show gains in alignment for both bands athω ∼ 0.48 MeV, see Fig. 17(a) . As with bands 6 and 7, the A p B p crossing is expected to be blocked in bands 8 and 9 due to the presence of a proton in the A p orbital. Therefore, these alignment gains could be attributed to the B p C p and A p D p crossings. The crossings appear lower in angular frequency than predicted by the CSM calculations, Fig. 12(b) , which may be an indication that these configurations have different deformations. It is interesting to note that the unpaired band crossings, attributed to the specific neutron i 13/2 single-particle exchanges in band 2, see discussion in Section IV D, may well be expected in these strongly-coupled bands, since they are based on the same neutron configuration. At the highest spins in the yrast band a parallel γ-decay sequence is observed from a second I π = 89/2 + state and labeled (+, +1/2) 2 in Fig. 13 . This sequence quickly becomes yrast, see Fig. 13(b) , and extends up to the (101/2 + ) state. It was suggested in Ref. [26] that the structure of the 89/2 + and (101/2 + ) states, in this decay sequence, is similar to the favored oblate configurations at 40
+ and 46 + in 158 Er [12] . In order to understand the behavior of 159 Er at the highest angular momenta observed, calculations have been performed using the unpaired cranked NilssonStrutinsky (CNS) model [42, 49, 50] . In this formalism, configurations are specified by the total number of particles in the open j-shells (or 'valence shells') contrary to the CSM formalism where only 'aligned particles' are listed. In the CNS formalism, some of the measured yrast (+, +1/2) states are interpreted as being built with four h 11/2 proton orbitals and three i 13/2 neutron orbitals occupied outside the 146 64 Gd 82 core. Potential Energy Surfaces (PES) for this configuration are presented in Fig.  18 . This π(h 11/2 ) 4 ν(i 13/2 ) 3 configuration starts out with a near-prolate shape (γ = 0
• ) and, as shown in Fig.  18 [26] . Similarly, the 89/2 + state with γ = 60
• is constructed with one spin vector of the h 9/2 f 7/2 neutrons anti-aligned. The fully aligned 101/2 + state is illustrated in a sloping Fermi surface diagram in Fig. 19 . Starting from this state, an arrow illustrates how the 89/2 + state is formed when one neutron is moved within the h 9/2 f 7/2 orbitals from an m = 5/2 state to an m = −7/2 state. Similarly, a (+,−1/2) 91/2 + state is formed when the neutron is moved from the m = 5/2 state, see Fig. 19 .
The energies for the configurations calculated in the yrast region above spin 30h are presented with the experimental data in Fig. 20 . The positive-and negative-parity states are shown in the left and right panels, respectively. The (+, +1/2) 2 sequence (89/2 − 101/2) with the aligned states at 89/2 + and (101/2 + ) is well described by the π(h 11/2 ) 4 ν(i 13/2 ) 3 configuration which is illustrated in Fig. 18 . The (+, +1/2) yrast states for I ≤ 89/2 are interpreted as being built on a configuration with two additional h 11/2 protons, namely π(h 11/2 ) 6 ν(i 13/2 ) 3 . The difference in the slopes of the experimental and calculated E − E rld curves for spin values I ≈ 30 − 40 may be explained from pairing correlations that are not included in the calculations.
It is possible to build higher-spin states than 101/2 + , within the constraints of the π(h 11/2 ) 4 ν(i 13/2 ) 3 configuration. This is achieved by promoting a proton from the d 5/2 g 7/2 orbitals to the d 3/2 s 1/2 orbitals forming a new rotational band which terminates at 109/2 + . The formation of this 109/2 + state is also illustrated in Fig. 19 , i.e., starting from the aligned 101/2 + state, a proton is moved within the N osc = 4 orbitals from an m = −5/2 state below the Z = 64 gap to the m = 3/2 state above the gap. This terminating state has yet to be observed protons and neutrons at the deformation specified in the figure which is typical for the terminating configurations in 159 Er. The orbitals are labeled by subshells, but some of these subshells are strongly mixed so that, for example, the neutron h 9/2 f 7/2 or the proton g 7/2 d 5/2 orbitals are treated as one entity. In the fully aligned proton 16 + state and neutron 69/2 + state, all orbitals below the sloping Fermi surfaces drawn by thick lines are occupied. It is then indicated by arrows how favored lower spin aligned states can be formed if one neutron is moved to an anti-aligned orbital and how higher spin favored states are formed when one proton is excited across the Z = 64 gap. With the present A = 150 parameters [51] , the m = ±1/2 and m = ±3/2 states of the proton h 11/2 subshell and those labeled d 3/2 are very close to degenerate. Therefore, the d 3/2 states are drawn at a somewhat higher energy to make the figure easier to read.
experimentally. However, the higher-spin states in the continuation of the yrast band above 89/2 + might be built with this configuration, see Fig. 20(b) .
The For negative parity at high spin, configurations with an odd number of h 11/2 protons and i 13/2 neutrons are favored in the calculations, see Fig. 20(e) . For signature α = 1/2, these configurations also give a possible explanation of crossings observed in band 2. A problem, however, is that the signature α = −1/2 branch, not shown in Fig. 20(e) , is calculated to lie ∼ 150 keV lower in energy in the I = 40 − 50 spin range. Even though these configurations are lowest in energy, they are not assigned to the observed bands 2 and 3. This is because these bands are interpreted, at intermediate spin values in the paired regime, as having negative parity for the neutrons, according to the discussion above of their alignment properties and comparison with the cranked shell model. Band 2 is, therefore, assigned to configurations with an even number of both h 11/2 protons and i 13/2 neutrons, which are also shown in Fig. 20(e) . The crossing observed at I ≈ 40 is understood as arising between bands based on configurations with two and four i 13/2 neutrons (which are labeled [6(1),2] and [6(1),4], respectively in Fig. 20(e) ). Indeed, the observation of an isolated band crossing at this frequency in the experimental data led Riley et al. [29] to interpret this as an unpaired band crossing. This crossing was described as an exchange of occupation at the crossing of a pair of high-j (i 13/2 ) neutrons. The scenario of such a crossing, which occurs independently of pairing, is thus supported by the present CNS calculations.
The unpaired band crossing in band 2 occurs at a frequencyhω ∼ 0.55 MeV. The simple single-particle model, outlined in [29] , predicted a similar crossing in band 3, but at a higher rotational frequency. The new high-spin transitions in band 3 indicate a branching in the sequence at 79/2 − withhω ∼ 0.60 MeV, see Fig. 1 , which may indicate a crossing. The additional (83/2 − ), (87/2 − ) states have very similar energy to corresponding states in band 3, as presented in Fig. 1 and Tab. I. The CNS calculations also predict a delayed crossing between configurations with two and four i 13/2 neutrons in this α = −1/2 branch, but at a spin value which roughly coincides with the highest observed spin in band 3. This suggests that band 3 needs to be observed to higher spin values to test these predictions.
At the highest spin values in band 2, another discontinuity is observed experimentally.
This correlates well with the calculated crossing between configurations with six and four h 11/2 protons, see Fig. 20(e) .
This would then suggest that the highest spin state of band 2 (105/2 − ) corresponds to the full spin alignment in the valence space configuration, [π(h 11/2 ) 4 ] 16 + [ν(i 13/2 ) 4 (h 9/2 f 7/2 ) 5 ] 73/2 − . In the calculations, the relative energies are off by approximately 500 keV, but this is not unexpected for configurations which differ by a two-particle two-hole excitation.
The interpretation at high spin of the positive-parity yrast band and band 1 with the aligned states at 89/2, 91/2, 101/2, together with the negative-parity band 2, appears successful. Indeed, the difference in energy between the 89/2 + and 101/2 + states experimentally is 3.16 MeV while the calculations give 2.96 MeV. At such high spin and excitation energy this agreement, to within a few hundred keV, is satisfactory. The energy difference between experiment and theory for the analogous states in 158 Er, namely the 40 + and 46 + states, was previously discussed in Ref. [52] .
An interesting observation is that the energy difference between the states in the yrast band and band 1 is approximately 0.5 MeV in the high-spin range while these bands are close to degenerate in the unpaired CNS calculations. The reason for this signature doubling, which is not observed in experiment, is that these configurations with an even number of h 11/2 protons have one d 3/2 s 1/2 proton (as seen from the configuration labels in Fig. 20) and thus one or three holes in the g 7/2 d 5/2 orbitals below the Z = 64 gap. At prolate shape, they are the [404]7/2 and [402]5/2 Nilsson orbitals, which are both close to signature degenerate, see e.g. Fig. 3 of Ref. [13] . From the general experience of pairing correlations in the ground state, both these configurations can be described as having a broken pair and it might then be assumed that they have similar pairing energies. In order to investigate this, preliminary calculations including pairing have been performed according to the formalism presented in Ref. [53] , i.e. with particle number projection and minimization of the energy, not only in the shape degrees of freedom, but also in the pairing gap ∆ and Fermi energy λ. The outcome is that, in general agreement with experiment, the configuration with the same number of protons in both signatures is favored by approximately 0.5 MeV compared with the configuration with two 'odd' protons having signature, α = −1/2. It thus appears that in this high-spin region the combination of an α = −1/2 proton of d 3/2 s 1/2 character with an α = +1/2 proton of g 7/2 d 5/2 character has a lower pairing energy than the combination where the signatures are the same. Since at zero rotation this would not be the case, this demonstrates the different mixtures of the wave-functions in the high-spin region.
E. Triaxial bands
Beyond the terminating states at ∼ 40h in 157,158 Er collective bands with high moments of inertia have been observed [15] . Bands with similar characteristics were observed in the present experiment for 159 Er and 160 Er [20] . These bands have been compared with CNS calculations and interpreted as triaxial strongly deformed (TSD) structures [20] ε 2 ∼ 0.37 and γ ∼ ±20
• . The possible TSD band associated with 159 Er is labeled TSD 1 in Fig.  1 and has been assigned tentative spin values based on comparisons with CNS calculations [20] . Lifetime measurements on the bands in 157,158 Er [16] confirm that these bands are indeed strongly deformed. However, the experimentally extracted Q t values do not agree with the calculated favored triaxial minimum, which has positive gamma deformation. In fact, a more deformed positive gamma or a negative-gamma deformation gives better agreement. These recent experimental results highlight a challenge for the understanding of the triaxial degree of freedom and suggest that other theoretical approaches may need to be explored [16] . Indeed, tilted cranking models suggest that the rotational axis can lie between the intermediate and short principal axes. Thus, a rotational band may be associated with a mixing of the positive-and negative-gamma minima and recent calculations by Shi et al., [54] discuss this issue and the structures responsible for the re-emergence of collectivity at such high spin values (I = 50 − 60h).
V. CONCLUSIONS
A detailed spectroscopic investigation of 159 Er has been performed in order to understand the structural changes that occur with increasing angular momentum and excitation energy. The study has revealed new rotational bands and extensions to existing ones, which are based on specific quasiparticle configurations discussed within the framework of the cranked shell model. In addition, one new band may be based on the γ-vibrational structure coupled to the i 13/2 yrast band. At the highest spins observed, ∼ 50h, there is strong evidence for yrast and near-yrast terminating sequences which signify a change in structure from collective prolate to single-particle oblate shapes. Indeed, the favored positive-parity states at 89/2 + , 91/2 + , and (101/2 + ) and the negative-parity (105/2 − ) state, are interpreted as the fully aligned terminating states from comparisons with CNS calculations. The unpaired band crossing at hω = 0.55 MeV in band 2, identified previously, is confirmed in the CNS calculations. A band with a high moment of inertia was also observed and interpreted as a strongly deformed triaxial structure although the exact nature of the gamma deformation remains to be understood.
